Helminth infections, which affect nearly 2.9 billion humans worldwide 1 , elicit a stereotypical immune response with features shared by allergic and asthmatic reactions, including higher serum concentrations of immunoglobulin E (IgE), excessive mucus production and tissue inflammation dominated by polarized T helper type 2 (T H 2) cells, eosinophils, mast cells and basophils. The linked cytokines interleukin 4 (IL-4) and IL-13, as well as their shared signaling components, the IL-4 receptor α-chain and the transcription factor STAT6, are required for allergic and anti-helminth immunity 2,3 . Although CD4 + T cells are required and T H 2 cells can produce these cytokines, innate sources of IL-4 and IL-13, such as basophils 4 or lineagenegative IL-25-and IL-33-responsive cells 5-7 (called 'innate type 2 helper cells' here) can contribute to primary anti-helminth immunity. Immunohistochemical techniques are not adequate at present to discern cytokine-producing cells in situ and thus a thorough assessment of their spatial and temporal relationships in tissues during the host response has been lacking.
A r t i c l e s
Helminth infections, which affect nearly 2.9 billion humans worldwide 1 , elicit a stereotypical immune response with features shared by allergic and asthmatic reactions, including higher serum concentrations of immunoglobulin E (IgE), excessive mucus production and tissue inflammation dominated by polarized T helper type 2 (T H 2) cells, eosinophils, mast cells and basophils. The linked cytokines interleukin 4 (IL-4) and IL-13, as well as their shared signaling components, the IL-4 receptor α-chain and the transcription factor STAT6, are required for allergic and anti-helminth immunity 2, 3 . Although CD4 + T cells are required and T H 2 cells can produce these cytokines, innate sources of IL-4 and IL-13, such as basophils 4 or lineagenegative IL-25-and IL-33-responsive cells [5] [6] [7] (called 'innate type 2 helper cells' here) can contribute to primary anti-helminth immunity. Immunohistochemical techniques are not adequate at present to discern cytokine-producing cells in situ and thus a thorough assessment of their spatial and temporal relationships in tissues during the host response has been lacking.
Basophils are proposed to mediate B cell isotype switching and to drive the differentiation of CD4 + helper T cells [8] [9] [10] . Several studies have indicated that basophils are antigen-presenting cells (APCs) that are necessary and sufficient for T H 2 priming [11] [12] [13] , although this has been challenged by others [14] [15] [16] [17] . Despite such progress, the demonstration of basophil activation in vivo and a consensus understanding of their role in immunity are lacking, as attempts to mark these cells in vivo have not enabled unequivocal imaging of basophils in tissue 16, 18 .
Here we show that basophils were mobilized to many tissues during primary helminth infection, which confirmed the results of published studies 19, 20 , but that basophil IL-4 secretion was restricted to affected organs. We used a newly developed basophil reporter strain, Basoph8, to demonstrate that basophils were not required for the initiation of allergic immunity. Two-photon microscopy showed that basophils did not interact with antigen-specific CD4 + T cells in inflamed lymph nodes but engaged in serial interactions with CD4 + T cells in affected tissues, a process that correlated with sites of basophil activation. Basophil depletion did not affect the clearance of Nippostrongylus brasiliensis in primary or secondary infection, but selective deletion of IL-4 and IL-13 from both basophils and CD4 + T cells demonstrated a nonredundant contribution of basophil-derived cytokines.
RESULTS

IL-4 production by basophils is restricted to tissues involved
We used mice with two independent markers targeted to the endogenous Il4 locus to define which cells produce IL-4 during primary infection with N. brasiliensis 21 . These mice (KN2 × 4get) are heterozygous for the 4get allele 22 , which expresses green fluorescent protein (GFP) from an internal ribosomal entry site (IRES) downstream of the Il4 stop site, and the KN2 allele, which expresses human CD2 from the Il4 start site and replaces that gene with CD2. When stimulated, cells from KN2 × 4get mice reliably mark IL-4 competence by intracellular GFP expression and mark recent IL-4 protein secretion by the presence of human CD2 on the membrane 21 . After infection, basophils, eosinophils and a fraction of CD4 + T cells constituted the main GFP + cells recruited to the lungs 20 , where they begin to accumulate by day 3. On day 5, basophils and CD4 + T cells began to express human CD2, consistent with IL-4 secretion in vivo (Fig. 1a) . We observed expression of human CD2 only in cells with enhanced GFP expression, which therefore provided internal confirmation that A r t i c l e s activation of the 4get allele marked cells undergoing transcriptional activation of the Il4 locus. The percentage of basophils and CD4 + T cells positive for human CD2 peaked on days 5-6 and then decreased (Supplementary Fig. 1 ).
Published reports of studies using IL-4 reporter strains have described systemic recruitment of basophils to tissues after N. brasiliensis infection 19, 20 . Although we also observed more basophils in many tissues, activation of basophil IL-4 secretion was tissue restricted, as lung basophils expressed both GFP (IL-4 competence) and human CD2 (IL-4 secretion), whereas basophils from spleen, liver, lymph node, blood and bone marrow (data not shown) expressed GFP but not human CD2 (Fig. 1b and Supplementary  Fig. 2 ). In contrast, CD4 + T cells that expressed both GFP and human CD2 were present in the spleen and lungs, consistent with their ability to function as both cytokine-secreting follicular helper T cells (in the spleen) and tissue effector T cells (T H 2 cells; in the lung) 23 ( Fig. 1b and Supplementary Fig. 2 ). Basophils were also recruited to the small intestine (Supplementary Fig. 3 ). However, analysis of intestinal tissue was inconclusive between days 6 and 9 because of the substantial death of recovered cells, presumably a result of massive cellular activation, epithelial turnover and tissue injury. Eosinophils, despite their greater numbers and GFP + status, did not express large amounts of human CD2 (Fig. 1a) . Using a yellow fluorescent protein (YFP)-marked IL-13 reporter strain of mice, we did not find IL-13 production by basophils (data not shown). As shown elsewhere, innate type 2 helper cells are readily marked as IL-13-producing cells after N. brasiliensis infection, but these cells, in contrast to basophils and CD4 + T cells, do not produce IL-4 in vivo 7 . Thus, basophils represented the early non-T cell source of IL-4 during helminth infection, in agreement with published studies 19, 24 , and their activation in vivo, as shown by the KN2 × 4get reporter, was sequestered within the affected tissues.
To define the requirements for basophil activation and the role of T H 2 cells, we generated KN2 × 4get mice on the recombinationactivating gene 2-deficient (Rag2 −/− ) background. Lung tissues from these mice developed less inflammation with fewer basophils after infection than did lung tissue from wild-type mice, consistent with published findings 19, 20 , and recruited basophils did not express human CD2 (Fig. 1c) . When reconstituted with Il4 −/− Il13 −/− CD4 + T cells, however, lungs were infiltrated with more cells, including basophils that expressed human CD2 as a marker of recent IL-4 secretion (Fig. 1c) . The infiltration and activation of basophils in the lungs of reconstituted mice was delayed by 1-2 d relative to that in wild-type mice, which either reflected effects of T cell reconstitution or exposed an amplification role for T H 2 cell-derived IL-4 and IL-13 in vivo. As expected, we detected no serum IgE in Rag2 −/− mice reconstituted with Il4 −/− Il13 −/− CD4 + T cells (data not shown).
We used an unrelated helminth model, infection with Schistosoma mansoni, to assess whether tissue-specific basophil activation could be visualized in the liver, which is a major site of the granulomatous response to trapped eggs 25 . In contrast to basophils isolated from the liver in response to N. brasiliensis (Fig. 1b) , basophils isolated from the livers of S. mansoni-infected KN2 × 4get Rag2 −/− mice that had been reconstituted with Il4 −/− Il13 −/− CD4 + T cells expressed human CD2, consistent with recent IL-4 secretion (Fig. 1d) . Basophil activation in reconstituted mice was delayed relative to that in wild-type mice, which probably reflected, as least in part, the absence of IgE. As in primary N. brasiliensis infection, expression of innate IL-4 A r t i c l e s protein was restricted to basophils, and liver eosinophils expressed little human CD2 (Fig. 1a,d) . Thus, basophils are activated by a CD4 + T cell-dependent but IL-4-, IL-13-and IgE-independent mechanism in parasite-involved tissues.
CD4 + T cells mediate basophil IL-4 production in vitro
We sought to characterize the CD4 + T cell-derived factor(s) responsible for basophil activation in affected tissue. Although they were recruited to the spleen in relatively large numbers after N. brasiliensis infection, splenic basophils did not express human CD2 (Supplementary Fig. 2) , which perhaps reflected an absence of interactions between spleen basophils and T cells during infection. To overcome potential restrictions in vivo, we isolated spleen cells from N. brasiliensis-infected KN2 × 4get mice and stimulated them overnight on plate-bound antibody to CD3ε (anti-CD3ε) to promote T cell activation. The next day, splenic basophils expressed human CD2, consistent with their activation to produce IL-4 (Fig. 2a) . We next assessed whether basophil activation required direct contact with stimulated CD4 + T cells or whether it could be provided by soluble, secreted factors from activated CD4 + T cells. We purified CD4 + T cells from the spleens of N. brasiliensis-infected mice (5-6 d after infection), followed by enrichment of basophils from the spleens of resting KN2 × 4get Rag2 −/− mice. To prevent cell-cell contact, we used a Transwell insert to separate the purified CD4 + T cells from the basophils. As assessed by induction of human CD2, basophils without contact with CD4 + T cells were activated to produce IL-4 ( Fig. 2b) , although to a lesser degree than were basophils in contact with activated T cells (Fig. 2a) . Furthermore, supernatants collected after the overnight stimulation of CD4 + T cells from infected mice were sufficient to promote the expression of human CD2 by basophils (Fig. 2c) . IL-3 has been linked to the promotion of basophil population expansion, survival and activation in the context of crosslinking of surface-bound IgE [26] [27] [28] . IL-3 was present in the supernatants of stimulated CD4 + T cells (where it had an average concentration of 2.5 ng/ml), and IL-3 at those concentrations activated the production of IL-4 by basophils in vitro (Fig. 2c) . Additionally, neutralizing antibody to IL-3 inhibited the production of IL-4 by basophils after incubation with the supernatants of activated CD4 + T cells. However, blockade of IL-3 did not block basophil activation when basophils were cultured together with CD4 + T cells (Fig. 2d) . Consistent with our findings obtained in vivo, CD4 + T cell-derived IL-4 and IL-13 and IgE were not required for basophil activation in vitro, as Il4 −/− Il13 −/− CD4 + T cells mediated basophil activation in the absence of antibodies (Fig. 2e) . These data, as well as our findings in the context of N. brasiliensis infection, support a model in which the production of IL-4 by basophils is restricted to the tissues involved and is dependent on antigenic stimulation of CD4 + T cells by a process that optimally requires both direct contact with CD4 + T cells and IL-3.
The Basoph8 basophil reporter mouse strain To track and delete basophils with high specificity, we replaced the gene encoding mast cell protease 8 (Mcpt8) at the start site by inserting a reporter cassette containing sequence encoding YFP followed by an IRES and sequence encoding humanized Cre recombinase ( Fig. 3a and Supplementary Fig. 4 ). Mcpt8 is a basophil gene in the conserved chymase locus, which has expanded in rodents through gene duplications to contain many species-specific genes 29, 30 . Mcpt8 is basophil specific in mice and is absent from humans, which suggests that it is not required for development of the basophil lineage. Published reports targeting this locus have confirmed the specificity of gene expression in basophils 16, 18 .
We analyzed tissues at the peak of the inflammatory response after N. brasiliensis infection and confirmed that all YFP + cells were basophils, characterized as SSC lo , CD4 − , C-Kit − , positive for CD49b (DX5), positive for CD131 (cytokine receptor common β-chain subunit (βc), IL-3Rβ + and IgE + ( Fig. 3b and data not shown). Furthermore, isolation of basophils from Basoph8 mice by conventional flow cytometry confirmed that all basophils from all tissues expressed YFP (Fig. 3c,d ). The only discrepancy in the expression of YFP and conventional basophil markers occurred in the bone marrow and was due to variegated expression of CD49b (DX5) in the Basoph8 + population, Anti-CD3ε
Anti-CD3ε
Ctrl Anti-IL-3 60.6 50.1 A r t i c l e s which probably highlights the developmental regulation of this adhesion molecule during basophil differentiation (Supplementary Fig. 5 ).
To delete basophils, we crossed Basoph8 mice with Rosa-DTα mice, which have the gene encoding diphtheria toxin α-chain (DTα) inserted into the ubiquitous Rosa26 locus downstream of a loxP-flanked transcriptional stop site 7, 31 . The resultant Basoph8 × Rosa-DTα mice demonstrated highly efficient deletion of basophils, as shown by deletion of YFP + cells and of basophils, assessed by conventional staining (CD49b + CD131 + IL-3Rβ + SSC lo ; Fig. 3c,d) .
Deletion was approximately 96% efficient after N. brasiliensis infection, and surviving cells had noticeably attenuated YFP fluorescence (Fig. 3c,d ). The number of mast cells isolated after peritoneal lavage of N. brasiliensis-infected mice (Fig. 3e) and from the skin of older mice was unaffected, despite deletion of basophils from blood and tissues ( Fig. 3f and Supplementary Fig. 6 ). Eosinophils and CD4 + T cells likewise remained unaffected in Basoph8 × Rosa-DTα mice (discussed below).
No requirement for basophils in the priming of CD4 + T cells Studies suggest that basophils serve a necessary and sufficient role as APCs in T H 2-associated immunity [11] [12] [13] . Mechanistically, a model has been proposed in which basophils transiently migrate to draining lymph nodes, present peptide in the context of major histocompatibility complex class II and provide lineage-determining cytokines, all of which are necessary for efficient T H 2 priming. Although antigenpresenting function has been attributed to basophils, other studies with different approaches have questioned the role of basophils in this process [14] [15] [16] [17] . To assess the requirement for basophils in T H 2 priming in vivo, we crossed basophil-deficient Basoph8 × Rosa-DTα mice onto the KN2 background. In this way, we were able to resolve activation of IL-4 secretion from CD4 + T cells by flow cytometry in the presence or absence of basophils without the need for restimulating the cells ex vivo.
Immunization with S. mansoni eggs induces T H 2 priming in the draining lymph node within 3-4 d (ref. 11). Using established protocols, we injected 2,500 eggs into the footpads of Basoph8 × KN2 mice and Basoph8 × Rosa-DTα × KN2 mice and monitored the kinetics of the accumulation of basophils and IL-4-secreting T cells positive for human CD2. Basophils were recruited to the draining popliteal lymph node in Basoph8 × KN2 mice after immunization, with a peak of approximately 3,000-4,000 cells at 48 h; basophils were almost completely undetectable in Basoph8 × Rosa-DTα mice after similar challenge (Fig. 4a,b) . Consistent with our observations obtained with N. brasiliensis-infected mice, basophils did not express IL-4 in the draining lymph node at any time after immunization with S. mansoni eggs (Supplementary Fig. 7 ). In confirmation of the results of published studies 11 , IL-4 secretion by lymph node CD4 + T cells, as assessed by the surface expression of human CD2, was first present at day 3 and peaked at day 4 ( Fig. 4c,d ). Over 99% of basophils were deleted in similarly challenged Basoph8 × Rosa-DTα × KN2 mice, but there was no decrease in the number of IL-4-secreting lymph node CD4 + T cells (Fig. 4c,d) .
To assess the requirement for basophils in allergic responses to soluble stimuli, we challenged similar groups of mice with the protease papain, which can induce the influx of basophils into the draining lymph node, followed 24 h later by a T cell IL-4 response 9 . In similar conditions, however, the frequency and number of IL-4-producing CD4 + T cells were unaffected by the deletion of basophils in Basoph8 × 
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Rosa-DTα × KN2 mice compared with those of basophil-replete Basoph8 × KN2 mice (Fig. 4e,f) . Thus, in these reporter strains of mice, we did not find a requirement for basophils in the CD4 + T cell responses to particulate or soluble IL-4-inducing stimuli.
Imaging of interactions between basophils and CD4 + T cells
The data reported above indicated that basophils are dispensable for CD4 + T cell priming in lymph nodes but that CD4 + T cells are essential for basophil activation in peripheral tissues, which suggested that the mode of interactions between basophils and CD4 + T cells differs in lymph nodes versus peripheral tissues. To visualize these interactions, we took advantage of the Basoph8 mice, in which Mcpt8 drives abundant YFP fluorescence selectively in basophils. We visualized CD4 + T cells responding to immunization by adoptively transferring ovalbumin (OVA)-specific OT-II CD4 + T cells expressing the red fluorescent protein DsRed or labeled with an orange dye. By modifying immunization models described above to include OVA, we were able to directly visualize the dynamics of the interactions between antigen-specific CD4 + T cells and basophils by time-lapse imaging with two-photon microscopy.
We observed robust population expansion of OT-II T cells and recruitment of basophils to the draining lymph nodes 2 d after subcutaneous immunization with S. mansoni eggs mixed with OVA. Between days 2 and 3, basophils occasionally contacted OT-II T cells, but these contacts were of very short duration and no stable conjugates were formed (Fig. 5a-c and Supplementary Video 1) . We obtained similar results 2-3.5 d after subcutaneous immunization with papain mixed with OVA (Supplementary Video 2) . The lack of stable interactions between CD4 + T cells and basophils suggested that basophils do not act as APCs for CD4 + T cells in primary immune responses in lymph nodes.
For comparison, we visualized interactions between classical APCs and CD4 + T cells within lymph nodes. As reported for other systems 32 , we confirmed that prolonged interactions of OT-II T cells with dendritic cells could be observed within the first day after immunization with papain mixed with OVA, but these interactions subsided by days 2-3, when basophils were recruited (data not shown). As T cell-B cell interactions typically occur during this time 33 , we transferred OT-II T cells and cyan fluorescent proteinexpressing Hy10 B cells, specific for avian egg lysozyme, together into Basoph8 recipient mice. After subcutaneous immunization with papain mixed with a conjugate of duck egg lysozyme and OVA (DEL-OVA), we observed basophils, OT-II T cells and Hy10 B cells together in the imaging field. Interactions between OT-II T cells and Hy10 B cells were much longer than those between OT-II T cells and basophils, and we observed many stable conjugates between OT-II T cells and Hy10 B cells, some of which exceeded the duration of the recording (Fig. 5a-c and Supplementary Video 3) . These prolonged T cell-B cell interactions were similar to those that occured in mice immunized with DEL-OVA mixed with a classical adjuvant monophosphoryl lipid A and trehalose dicorynomycolate (data not shown). Thus, at the time at which basophils were recruited to the lymph node, CD4 + T cells were engaged in prolonged interactions with B cells that did not involve basophils.
To visualize the interaction dynamics of OT-II T cells and basophils in the lungs, we infected mice with N. brasiliensis and then administered OVA intranasally. In explanted lung slices, we found basophils and OT-II T cells together in small regions of the lung near hemorrhagic sites where N. brasiliensis larvae had penetrated the blood vessels. We observed interactions between OT-II T cells and basophils in the lung that were significantly longer than the brief contacts in lymph nodes (Fig. 5a-c and Supplementary Video 4) . To confirm that basophils also interacted with nontransgenic T cells, we bred Basoph8 mice to transgenic mice expressing DsRed under the control of the human CD2 promoter, which illuminated the entirety of polyclonal T cells, and observed very similar interactions in the lungs after N. brasiliensis infection (Supplementary Video 5) .
Unexpectedly, in several cases in both systems, we observed that an individual T cell and basophil in the lung came in contact with each other for a few minutes, disengaged and then came back in contact, in a repetitive way (Fig. 5a and Supplementary Videos 4 and 5) . Unlike the stable T cell-B cell conjugates observed in lymph nodes, in which T cells closely track B cell movements 34 , the T cells and basophils in the lungs did not closely follow each other's movements (Supplementary Fig. 8) . Instead, the T cells and basophils alternately pulled away from each other and moved toward each other even while remaining in contact. This distinction was further reflected by quantification of the distances between the centroids (centers of mass) of the cells (Fig. 5d,e) . The median distances between centroids of T cells and basophils were significantly greater than those 
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for T cells and B cells while the cells were in contact. Together these data indicate that CD4 + T cells and basophils engage in multiple serial interactions in affected lungs of short to moderate duration, in contrast to the very brief contacts observed in lymph nodes, but also in a manner distinct from the close stable conjugates formed between T cells and B cells.
Basophil-derived cytokines contribute to worm clearance
Published studies have suggested modest contributions by basophils to the host response to N. brasiliensis 16 . In Basoph8 mice and Basoph8 × Rosa-DTα mice, we found no effect of basophil deletion on worm clearance, total lung cellularity, number of infiltrating CD4 + T cells or eosinophils, or serum IgE concentrations during primary infection (Fig. 6a-c) . Secondary infection of mice with N. brasiliensis results in a greatly accelerated response, and the few worms that reach the intestine are expelled within 5 d. Using KN2 × 4get mice to assess the secondary response, we observed more IL-4-producing basophils in the lungs at earlier time points (Supplementary Fig. 9a) . In contrast to the primary response, the accelerated secondary response was almost entirely due to IL-4-dependent immunoglobulins, as mice reconstituted with Il4 −/− Il13 −/− CD4 + T cells, which lack IgE and high-affinity IgG1, did not manifest this augmented basophil cytokine response despite the development of tissue inflammation and basophilia (Supplementary Fig. 9a,b) . Indeed, when we collected serum from N. brasiliensis-infected wild-type or Rag2 −/− mice and adoptively transferred it into KN2 × 4get Rag2 −/− mice that had been reconstituted with Il4 −/− Il13 −/− CD4 + T cells, we found that the augmented basophil cytokine response was dependent on reconstitution by wild-type serum but was not dependent on reconstitution by Rag2 −/− serum. In contrast to Rag2 −/− serum, wild-type serum resulted in 'decoration' of the basophil surface with IgE (Supplementary Fig. 9c) . In contrast to findings obtained with another basophil-deficient strain 16 , we observed no deficits in worm clearance or infiltration of tissue by eosinophils by basophildeficient Basoph8 × Rosa-DTα mice during secondary infection with N. brasiliensis (Supplementary Fig. 10 ).
Although we discerned no requirements for basophils, as assessed by their deletion, the activation of IL-4 secretion by basophils in tissues raised the possibility that cytokines produced by these cells are redundant in the context of infection. As both T H 2 cells and basophils secreted cytokines in affected tissues (Fig. 1a,b) , we generated mice with loxP sites engineered into the Il4-Il13 locus (Il4-Il13 fl/fl ) such that Cre-mediated recombination would result in deletion of both genes 35 . We crossed the homozygous Il4-Il13 fl/fl mice with Il4 −/− Il13 −/− mice, mice expressing Cre driven by Cd4 and/or Basoph8 mice to facilitate lineage-specific deletion of the cytokines from CD4 + T cells (Cd4-Cre × Il4-Il13 fl/− ) or basophils (Basoph8 × Il4-Il13 fl/− ) or both (Cd4-Cre × Basoph8 × Il4-Il13 fl/− ) to assess their contributions to the host cytokine response. Deletion of IL-4 and IL-13 from CD4 + T cells did not have much of an effect on the ability to expel worms during primary infection despite the absence of IgE (Fig. 6d,e) . Deletion of IL-4 and IL-13 from basophils also did not affect worm clearance but, conversely, A r t i c l e s had no effect on serum IgE concentrations (data not shown). In contrast, simultaneous deletion of IL-4 and IL-13 from both CD4 + T cells and basophils resulted in a significantly larger intestinal worm burden (Fig. 6d,e) , which indicated that cytokines from both of these lineages contribute to the host response to migratory helminths.
DISCUSSION
Although they were described by Paul Ehrlich in 1879 and are conserved in all vertebrates, including fish, birds and reptiles, basophils remain enigmatic and precise delineation of their role has remained elusive because of the lack of adequate reagents with which to address their specific contributions 36 . Seminal studies in the 1990s first identified a non-B, non-T cell as a major source of IL-4 after parasite challenge that was identified by crosslinking of the receptor FcεRI and augmented by . Subsequently, two different IL-4 reporter mice were used to demonstrate that basophils accumulate in tissues through a CD4 + T cell-dependent but STAT6-independent mechanism 19, 20 . Attempts to achieve depletion of basophils with various antibodies 11, 12, 17, [41] [42] [43] have resulted in controversy about the sensitivity and specificity of the targeted deletion 15 ; two groups have targeted the basophil-specific gene Mcpt8 to achieve lineage marking 16, 18 .
Here we have combined IL-4 reporter mice with the newly generated Basoph8 basophil reporter mice; this uses a different targeting strategy that allows direct visualization of basophils in living tissues as well as the generation of basophil-deficient mice. Using these mice we have obtained several findings, including the CD4 + T cell-dependent localization of basophil IL-4 production to tissues invaded by parasites; replication of the CD4 + T cell-dependent ability to activate IL-4 production from basophils in vitro through a contact-and IL-3-dependent but IgE-independent process; and evaluation of basophil dynamics in vivo that confirmed the interaction of basophils with antigen-specific CD4 + T cells in tissues but not in draining lymph nodes. Finally, by lineage-specific deletion of Il4 and Il13 from CD4 + T cells and basophils, we have shown cooperation between these cells in the primary response to migratory helminths. The signals from CD4 + T cells that recruit and license basophils to secrete IL-4 during the primary response are of much interest. IL-3 is an important factor for the differentiation and growth of basophils that is able to expand basophil populations from the bone marrow in vitro and in vivo. IL-3 from activated CD4 + T cells was important in mobilizing basophils from the bone marrow during infection with N. brasiliensis, as Rag2 −/− mice reconstituted with IL-3-deficient CD4 + T cells had fewer bone marrow and blood basophils than did mice reconstituted with wild-type T cells 28 . Additionally, IL-3 mediated the recruitment of basophils to lymph nodes after helminth infection 44 . As shown here, recombinant IL-3 or IL-3 that accumulated in supernatants of activated CD4 + T cells stimulated IL-4 production by basophils in vitro. However, maximal IL-4 production occurred when basophils were cultured together with activated CD4 + T cells, which suggests that direct cell contact probably contributes additional signals. Indeed, IL-3-neutralizing antibody did not block basophil IL-4 production in vitro, and optical imaging studies of live tissues demonstrated interactions between CD4 + T cells and basophils in the lungs but not in the lymph nodes, which supports the idea of a contact-driven requirement for tissue basophil activation. More work is needed to determine the parameters of this process, but the tools we have generated will facilitate further study.
A notable aspect of basophil biology has been reports suggesting a role for basophils as primary APCs in T H 2-dominated immunity in various systems [11] [12] [13] . Those studies used nonspecific monoclonal antibodies to achieve basophil depletion, and subsequent studies have raised questions about the specificity of the antibodies, suggesting that off-target deletion of other critical immune cells, such as dendritic cells, may have occurred 14, 15, 17 . Clearly, lineage tracking of basophils is needed to investigate this process, and two groups have reported targeting the Mcpt8 locus in mice 16, 18 , as we have reported here. Mcpt8 is a basophil-specific protease in mice whose enzymatic substrate remains unknown 29, 45 . In the first reporter strain (Mcpt8 DTR ), a downstream IRES is followed by a diphtheria toxin receptor-enhanced GFP fusion protein that allows diptheria-mediated depletion of basophils that is sustained up to 5 d after injection of toxin 18 . These mice have been used to demonstrate a requirement for basophils to impede tick re-feeding on mice by a process dependent on antibody and basophil Fc receptors 18 . In the second reported strain, mice transgenic for a bacterial artificial chromosome were generated with replacement of Mcpt8 with sequence encoding Cre recombinase, which resulted in unexpected constitutive deletion of approximately 90% of basophils by a process believed to be mediated by Cre-dependent toxicity from five-to seven-copy integration events 16 . These mice have been used to demonstrate no requirement for basophils in various allergic immune models, including papain-and OVA-induced allergy models, although the results support the idea of a role for basophils in IgE-mediated chronic dermatitis, in confirmation of earlier studies 16, 46 . Additionally, a role for basophils has been suggested in secondary, but not primary, N. brasiliensis infection, as recruitment of eosinophils and T H 2 cells to the lungs and worm clearance are diminished 16 .
In the Basoph8 mice we have reported here, Mcpt8 was replaced by a YFP-IRES-Cre cassette, which established bright YFP fluorescence in basophils and allowed conditional deletion of the cells or their cytokines. Studies with these mice allowed us to assess the positioning of basophils in tissues, their relationships with the CD4 + T cells on which they depend for functional activity and the consequence A r t i c l e s of specific basophil-restricted deletion of IL-4 and IL-13 to assess directly the contributions of these cytokines from basophils. In terms of the entry of basophils into inflamed lymph nodes, we confirmed basophil entry with a soluble stimulus (papain) and a particulate stimulus (schistosome eggs) but found no requirement for basophils in the activation of IL-4 production by naive CD4 + T cells, as assessed in the Basoph8 × KN2 × Rosa-DTα deleter strain. That observation was independently confirmed by flow cytometry of cells from mice with sensitive Il4 reporter alleles to demonstrate that basophils did not produce IL-4 in lymphoid tissues. Additionally, our imaging studies showed that basophils did not interact with CD4 + T cells in a manner consistent with their proposed role as APCs. Finally, we specifically removed IL-4 and IL-13 from basophils and confirmed that these cytokines did not contribute to host IgE or immunity to N. brasiliensis when CD4 + T cells were intact. We conclude through these multiple confirmatory yet independent lines of investigation that basophils are not required for the initiation of primary cellular or humoral immunity under the conditions examined.
Published studies have indicated that CD4 + T cells are necessary for the accumulation of basophils 19, 20 . Using the KN2 × 4get reporter strain, we have demonstrated that CD4 + T cells were needed to mediate basophil secretion of IL-4, which was sequestered to tissues invaded by parasites and infiltrated by activated CD4 + T cells. Although neither IL-4 nor IL-13 from either CD4 + T cells or basophils was alone needed to expel intestinal N. brasiliensis after primary infection, combined deletion of IL-4 and IL-13 from both cell types resulted in a significant and reproducible deficit in this response, which demonstrated a contribution by basophil-derived IL-4 to this process. IgE responses were completely dependent on CD4 + T cell-derived IL-4 and IL-13. In contrast to a published study 16 , we found no deficit in immunity to secondary N. brasiliensis infection in basophil-deficient mice. Under the conditions examined here, augmented basophil IL-4 production in secondary infection was entirely immunoglobulin dependent, as demonstrated by adoptive transfer of serum. Thus, our data are most consistent with models of tick infestation and chronic allergic dermatitis in identifying interactive roles for basophils and immunoglobulin 16, 18 . Thus, basophils, despite their identification as cells of the innate immune response, are unexpectedly dependent on cells of the adaptive immune response, including CD4 + T cells and antibodies, for robust generation of IL-4 in these model systems.
Although combined deletion of IL-4 and IL-13 from CD4 + T cells and basophils reproducibly impaired intestinal worm clearance, the number of intestinal worms was consistently lower in Cd4-Cre × Basoph8 × Il4-Il13 fl/− mice than in infected Rag2 −/− mice or in Il4 −/− Il13 −/− mice 47, 48 . The contributions of other cells, variably referred to as natural helper cells, nuocytes and innate type 2 helper cells, have been demonstrated [5] [6] [7] . These cells produce high concentrations of IL-13 and IL-5 but, like basophils, require CD4 + T cells for optimal activity 5 . We speculate that innate type 2 helper cells are responsible for the partial worm clearance in the setting of deficiency in IL-4 and IL-13 in CD4 + T cells and basophils, although we note the overlapping effects of IL-4, IL-13, IL-5 and IL-9, as assessed by stepwise deletion of the genes encoding these cytokines during analysis of the effects on worm immunity 49 . Basoph8 mice represent a new tool with which to explore the role of basophils in infectious and inflammatory models in addition to those explored here and to place these cells in the context of additional cell types and cytokines linked to allergic immunity and the response to helminths.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureimmunology/.
